
CHAPTER V
DIELECTRIC PROPERTIES OF POLYBENZOXAZINE-BARIUM 

STRONTIUM TITANATE COMPOSITES

5.1 Abstract

In th is  re sea rch , th e  c o m p o s ite s  w ith  0 -3  c o n n e c t iv ity  o f  p o ly b e n z o x a z in e  
and  b arium  stro n tiu m  tita n a te  (B ao 3 Sro.7T i0 3 ) w ere  fa b r ica ted  b y  c o m p r e ss io n  
m o ld in g . T h e  su r fa c e  o f  B S T  p a r tic le s  w a s  trea ted  b y  u s in g  th ree  d iffe r e n t c h e m ic a ls ;  
3 -a m in o p r o p y l-tr im e th o x y s ila n e , b e n z o x a z in e  m o n o m e r  an d  p h th a lo c y a n in e . T h en  
th e  e f f e c t s  o f  su r fa c e  m o d if ic a t io n  o n  th e d isp e r s io n  o f  B S T  p a r tic le s  and  d ie le c tr ic  
p ro p e r tie s  o f  th e  c o m p o s ite s  w er e  s tu d ied . In a d d it io n , th e  d ie le c tr ic  p ro p er tie s  as  
fu n c t io n  o f  fr e q u e n c y , tem p era tu re  and  c e r a m ic  c o n te n ts  w e r e  a ls o  in v e s t ig a te d . It 
w a s  fo u n d  that th e  d ie le c tr ic  co n sta n t o f  c o m p o s ite s  in c r e a se d  w ith  in c r e a s in g  cera m ic  
c o n te n ts . B y  a d d in g  8 0  w t%  (4 8  v o l% ) o f  c e r a m ic  .f ille r s , th e  d ie le c tr ic  c o n sta n t w a s  
as h ig h  as 3 9 . T h e  d ie le c tr ic  c o n s ta n ts  o f  th e  c o m p o s ite s  w e r e  n e a r ly  s ta b le  w ith  
fr e q u e n c y  ran g e  o f  1 k H z - 1 0  M H z  and tem p era tu re  ra n g e  o f  2 5 - 1 6 0 ° C .- F o r  the  
e f f e c t s  o f  su r fa ce  m o d if ic a t io n , it w a s  sh o w e d  that the m o d if ie d  B S T  c o u ld  d isp erse  
w e l l  in  p o ly b e n z o x a z in e  m a tr ix . In th e  c a s e  o f  d ie le c tr ic  p r o p e r tie s , th e  s ila n e  treatin g  
c o u ld  im p r o v e  d ie le c tr ic  c o n sta n t o f  th e  c o m p o s ite s  c o m p a r e d  w ith  th e  o th ers  b e c a u se  
it c a n  fo rm  c h e m ic a l b o n d s  o n  th e  su r fa ce  o f  B S T  p o w d e r s . H o w e v e r , th e  c o m p o s ite s  
w ith  b e n z o x a z in e  m o n o m e r  and p h th a lo c y a n in e  treated  B S T  p o w d e r s  s h o w e d  the  
lo w e r  in  d ie le c tr ic  lo s s  b e c a u s e  it c o u ld  p r ev en t th e  B S T  a g g lo m e r a t io n  in  
p o ly b e n z o x a z in e  m atr ix  m o r e  e f f e c t iv e ly  than  th e  s ila n e  c o u p lin g  m o d if ic a t io n .

Keyword: P o ly b e n z o x a z in e -b a r iu m  stro n tiu m  tita n ate  c o m p o s ite ,  0 -3  c o n n e c t iv ity ,  
D ie le c tr ic  p ro p er tie s , S u r fa ce  m o d if ic a t io n , 3 -a m in o p r o p y l-tr im e th o x y s ila n e ,  
B e n z o x a z in e  m o n o m e r , P h th a lo c y a n in e .
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5.2 Introduction

N o w a d a y s , th ere  is  an in c r e a s in g  d em a n d  for  th e  u se  o f  e m b e d d e d  c a p a c ito rs  
w o r k in g  at m u lt i fr e q u e n c ie s , p articu la r ly  at h ig h  fr e q u e n c ie s . T h e  req u ired  p ro p erties  
o f  th e s e  m a ter ia ls  are th at th ey  p o s s e s s  fr e q u e n c y -in d e p e n d e n t  p e r m itt iv it ie s , lo w  
d ie le c tr ic  lo s s ,  g o o d  p r o c e s sa b ility , an d  lo w  c o s t  [1 ], P o ly m e r s  are f le x ib le ,  e a s y  to  
p r o c e s s  w ith  lo w  p r o c e s s in g  tem p era tu re , and  p o s s e s s  a h ig h  d ie le c tr ic  b rea k d o w n  
f ie ld  b ut g e n e r a lly  su ffe r  from  lo w  d ie le c tr ic  co n sta n t. O n  the o th er  h an d , c e r a m ic s  
p o s s e s s  a v e r y  h ig h  d ie le c tr ic  c o n sta n t, but th e y  are b rittle , req u ire  h ig h  tem p era tu re  
p r o c e s s in g , and  h a v e  lo w  d ie le c tr ic  stren g th . T h e  in teg ra tio n  o f  th e se  tw o  m a ter ia ls  
r e su lts  in  a n e w  m ater ia l w ith  h ig h  d ie le c tr ic  c o n s ta n t, h ig h  b re a k d o w n  f ie ld , and  e a se  
o f  p r o c e s s in g  to  a c h ie v e  h ig h  v o lu m e  e f f ic ie n c y  and e n e r g y  s to ra g e  d e n s ity  for  
a p p lic a t io n s  o f  c a p a c ito r s  [2 ].

T h ere  are m a n y  d iffe r e n t c o n n e c t iv ity  p attern s h a v e  b e e n  d e s ig n e d  in  
p o ly m e r -c e r a m ic  c o m p o s ite s  but th e  s im p le s t  ty p e  is  th e  0 -3  c o n n e c t iv ity  p attern , 
w h ic h  c o n s is t s  o f  a th r e e -d im e n s io n a lly  c o n n e c te d  p o ly m e r  m atr ix  f i l le d  w ith  ce r a m ic '  
p a r tic le s . T h e  m ajor  a d v a n ta g e s  o f  th e  0 -3  ty p e  are its v e r sa tility  in  a v a r ie ty  o f  fo rm s, 
in c lu d in g  th in  sh e e ts  an d  certa in  m o ld e d  sh a p es . T h is  ty p e  o f  c o m p o s ite  is  a ls o  e a sy  
to  fab r ica te  an d  is  a m e n a b le  to  m a s s  p r o d u c tio n  [3 ]. In ord er to  p r o d u ce  th e  0 -3  
c o m p o s ite s  fo r  h ig h  fr e q u e n c y  a p p lic a t io n s , th e  c o m p o s ite s  m u s t ' e x h ib i t  h ig h  
p e r m ittiv ity  w ith  lo w  d ie le c tr ic  lo s s .  T h ere  are m a n y  research  w o r k s  that s tu d ie d  the  
d ie le c tr ic  b e h a v io r  o f  0 - 3  c o m p o s ite s  w ith  d iffe r e n t ty p e s  o f  p o ly m e r  m a tr ic e s  and  
c e r a m ic  f i lle r s . T h e r m o se tt in g  p o ly m e r s  su c h  a s  e p o x y , p h e n o lic  r e s in , p o ly im id e  and  
p o ly b e n z o x a z in e , are g e n e r a lly  u se d  in  th e  e le c tr o n ic  a p p lic a tio n  d u e  to  th e ir  h ig h  
th erm a l s ta b ility  and lo w  v is c o s it y  p ro p er tie s . F o r  c e r a m ic  f ille r , B S T  is  o n e  ty p e  o f  
fe r r o e le c tr ic  c e r a m ic  that is  w id e ly  u se d  d u e  to  its  h ig h  d ie le c tr ic  co n sta n t and  lo w  
lo s s  p ro p er tie s  at ro o m  tem p era tu re .

B S T  is  a fe r r o e le c tr ic  c e r a m ic  w h ic h  is  a re la ted  c o m p o u n d  o f  b arium  
t ita n a te  (BaTiC>3) , fo r m e d  b y  the su b stitu tio n  o f  stro n tiu m  for b ar iu m , e n a b lin g  B S T  
to  h a v e  a la rg e  d ie le c tr ic  co n sta n t, lo w  d ie le c tr ic  lo s s  at ro o m  tem p era tu re  and  h ig h  
fr e q u e n c ie s , c o m p a r e d  w ith  B aT iC >3 [4 ] . T h u s B S T  h a s b een  c o n s id e r e d  to  b e  an  
im p o rtan t m ater ia l for  h ig h  fr e q u e n c y  a p p lic a t io n s . F or  th e p rep ara tio n  o f  B S T
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p o w d e r s , th e  s o l -g e l  m e th o d  is  w id e ly  u se d  b e c a u se  it p r o v id e s  p o w d e r s  w ith  h ig h  
c h e m ic a l p u r ity  and  h o m o g e n e ity  th ro u gh  a lo w e r  tem p era tu re  p r o c e s s , g ra in  s iz e  and  
sh a p e  c o n tr o l, and  th e  a v o id a n c e  o f  c o n ta m in a tio n  o f  the m a ter ia ls . It a ls o  y ie ld s  
b etter  s to ic h io m e tr ic  c o n tr o l an d  n a n o p o w d e r  w ith  h ig h  s in te r a b ility  [5 ].

T h e  p ro b lem  that u s u a lly  o ccu rs  in  th e  c o m p o s ite  w ith  0 -3  c o n n e c t iv ity  is  th e  
a g g lo m e r a t io n  o f  c e r a m ic  p a r t ic le s  w h ic h  d u e  to  th e  in c o m p a tib ility  o f  p o ly m e r s  and  
c e r a m ic s . T h e  su r fa c e  o f  c e r a m ic s  w ith  r e s id u e  h y d r o x y l g r o u p s, are h y d r o p h ilic  in  
n atu re , w h i le  th e  p o ly m e r s  are h y d r o p h o b ic . H o w e v e r , th is  p r o b le m  ca n  b e a v o id e d  
b y  trea tin g  th e  su r fa c e  o f  c e r a m ic  b efo re  m ix in g  in  th e  p o ly m e r  m atr ix . T h e  su rfa ce  
m o d if ic a t io n  m e th o d  that w id e ly  u sed  is  s ila n e  c o u p lin g  m o d if ic a t io n  b e c a u se  o f  th e  
v a r ie ty  o f  its  fu n c tio n a l g r o u p s. It h as b e e n  rep orted  that th e  u n ifo rm  d is tr ib u tio n  o f  
c e r a m ic  f il le r  is  th e  o n e  o f  th e  fa c to rs  that in f lu e n c e s  o n  th e  d ie le c tr ic  p ro p erties  o f  th e  
c o m p o s ite  b e s id e s  th e  d ie le c tr ic  p ro p er tie s  o f  p o ly m e r  m atr ix , th e . lo a d in g  v o lu m e  o f  
c e r a m ic  and  p o r o s ity  in  th e  c o m p o s ite  [6 ].

H o w e v e r , th e  d ie le c tr ic  p ro p erties  o f  the p o ly m e r -c e r a m ic  c o m p o s ite  ca n  b e  
p red ic te d  b y  u s in g  v a r io u s  th e o r e tic a l m o d e ls  su ch  a s  Y a m a d a  m o d e l [7 ] , B r u g g e m a n  
fo r m u la e  [ 8 ] ,  L ic h te n e c k e r  m o d e l [ 8 ] ,  and K e m e r  e x p r e s s io n  m o d if ie d  b y  
J a y a su n d e r e -S m ith  [9 ].

5.3 Experimental

5 .3 .1  P rep ara tio n  o f  B a riu m  S tro n tiu m  T ita n te  b y  S o l-G e l P r o c e ss
B a r iu m  stro n tiu m  titan te  (B ao.3 Sro.7 T i0 3 ) w a s  p rep ared  b y  d is s o lv in g

0 .3  m o le  o f  b ariu m  a c e ta te  an d  0 .7  m o le  o f  stro n tiu m  a ce ta te  se p a r a te ly  in  a c e t ic  a c id , 
f o l lo w e d  b y  th e  a d d it io n  o f  m eth a n o l to  e a c h  o n e . T h e  s o lu t io n s  w e r e  m ix e d  and  
stirred  to  o b ta in  a c le a r  so lu t io n . T h en  an e q u im o la r  a m o u n t o f  tita n iu m  ( iv )  ท- 
b u to x id e  w a s  ad d ed  in to  th is  m ix tu re  u n d er  v ig o r o u s  stirr in g . W h en  th e  s o lu t io n  
b e c a m e  a g e l ,  it w a s  c a lc in e d  b y  u s in g  2 - s te p  th erm a l d e c o m p o s it io n  to  d e c o m p o s e  
th e  so lv e n t  and  c r y s ta l l iz e  B ao.3Sro.7T i0 3  p o w d e r s .
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Time (min)
Figure-5.1 T em p era tu re  p rogram  for  th e  2 -s te p  th erm a l d e c o m p o s it io n .

5 .3 .2  S u r fa c e  M o d if ic a t io n  o f  B S T  P o w d e r
5 . 3 . 2 . 1  S u r f a c e  M o d i f i c a t i o n  b y  S i l a n e  C o u p l i n g  

3 -a m in o p r o p y l-tr im e th o x y s ila n e  ( l g )  w a s  d is s o lv e d  in
w a te r /e th a n o l (5 m l/9 5 m l)  and th e  s o lu t io n  w a s  th en  m ix e d  w ith  B S T  p o w d e r s  (4 0  g ) . 
T h is  s u sp e n s io n  w a s  u ltr a so n ic a te d  at roo m  tem p era tu re  fo r  10  m in  an d  stirred  at 
70°c fo r  1 hr. T h e  trea ted  su s p e n s io n  w a s  c e n tr ifu g e d  and s u b se q u e n tly  w a sh e d  b y  
e th a n o l an d  d ried  in  a v a c u u m  o v e n  at 50°c. F in a lly , th e  c o u p lin g  a g e n t m o d if ie d  
B S T  p a r t ic le s  w e r e  o b ta in e d .

5 . 3 . 2 . 2  S u r f a c e  M o d i f i c a t i o n  b y  B e n z o x a z i n e  M o n o m e r

In th is  m e th o d  5 w t%  o f  a n ilin e  b a se d  b e n z o x a z in e  m o n o m e r  
( B A - a  m o n o m e r )  w a s  d is s o lv e d  in  T H F . T h e  s o lu t io n  w a s  s lo w ly  ad d ed  d r o p w ise  to  
stirr in g  B S T  p a r tic le /T H F  slu rry . T h e n  th e  m ix tu re  w a s  stirred  fo r  1 hr and  e v a p o ra ted  
T H F  o u t at ab o u t 70°c. L a stly , treated  B S T  w a s  d r ied  in  a v a c u u m  o v e n  o v e r n ig h t  in  
o rd er  to  r e m o v e  th e res id u a l s o lv e n t .
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5 . 3 . 2 . 3  S u r f a c e  M o d i f i c a t i o n  b y  P h t h a l o c y a n i n e

0.1 w t%  o f  p h th a lo c y a n in e  p o w d e r  w a s  d is s o lv e d  in  D M A c  
s o lv e n t  th en  a d d ed  th e so lu t io n  in to  stirrin g  B S T  p a r t ic le /D M A c  slu rry . T h e  m ix tu re  
w a s  th e n  stirred  fo r  1 hr and  e v a p o r a te d  D M A c  o u t at 200°c. A fte r  that th e  resid u a l 
s o lv e n t  w a s  r e m o v e d  a g a in  b y  d r y in g  in  a v a c u u m  o v e n  o v e r n ig h t .

5 .3 .3  C o m p o s ite  P rep ara tio n
In th is  part, th e  c o m p o s ite  o f  a n ilin e  b a se d  p o ly b e n z o x a z in e  and  

B S T  c e r a m ic  (B a o jS ro .7T i0 3 ) w a s  fa b r ica ted . D u e  to  th e  m u c h  d iffe r e n c e  b e tw e e n  the  
d e n s ity  o f  a n ilin e  b a se d  b e n z o x z in e  m o n o m e r  and  B S T  p o w d e r , th e  m o n o m e r  and  
B S T  p o w d e r  w ith  3 0 , 5 0  and  8 0  w t%  w e r e  f ir s tly  m ix e d  to g e th e r  b y  m e lt  m ix in g  
m e th o d  to  p r ev en t th e  sep a ra tio n  b e tw e e n  tw o  p h a se s  a fter  fa b r ica tio n  step . T h e n  the  
m ix tu r e s  w e r e  fa b r ica ted  as th e  c o m p o s ite  s p e c im e n s  w ith  th e  th ic k n e ss  o f  1 .5  m m  
and 15 m m  in  d ia m e té r  b y  c o m p r e s s io n  m o ld in g  w ith  th e  c u r in g  c o n d it io n s  g iv e n  in  
T a b le  5 . i .

Table 5.1 T em p era tu re  p rogram  fo r  c o m p r e s s io n  m o ld in g  p r o c e s s

T em p era tu re  (°C ) T im e  (m in ) A p p lie d  lo ad  (0 .2 5  to n )

1 2 0 15 -

14 0 15 -

1 6 0 15 -

1 8 0 3 0 +
2 0 0 3 0 +
2 3 0 6 0 +
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5 .3 .4  C h a ra c ter iza tio n s
A  cry sta l p h a se  an d  stru ctu re o f  B S T  p o w d e r  w a s  a n a ly z e d  b y  X -r a y  

d iffr a c tio n  (R ig a k u , m o d e l D m a x  2 0 0 2 )  w ith  N i-f i lte r e d  C u K a  ra d ia tio n  o p era ted  at 
4 0  k v  and 3 0  m A  w ith  sc a n  sp e e d  5 .0 0  d e g /m in  from  th e  2 0  ra n g e  o f  5 .0 0  to  9 0 .0 0  
d e g r e e . T r a n sm is s io n  e le c tr o n  m ic r o s c o p e  (T E M ; H -7 6 5 0 , H ita c h i)  w a s  u se d  to  
o b se r v e  p a r t ic le  s iz e  o f  s o l -g e l  B S T  p o w d e r . F o u r ier  tra n sfo rm a tio n  in frared  
sp e c tr o p h o to m e te r  ( N E X U S  6 7 0  F T 1R ) w a s  u sed  in  ord er to  m e a su r e  fu n c tio n a l 
g ro u p s and c o n f ir m  th e  s u c c e s s fu l  o f  th e  su r fa c e  m o d if ic a t io n  o f  B S T  c e r a m ic .A ll  
sp ectra  w e r e  re c o r d e d  w ith  a b so r b a n c e  m o d e  in  the w a v e  n u m b er  ran g e  o f  4 0 0 0 - 4 0 0  
c m ' 1 and  3 2  s c a n s  p er  r e so lu tio n . T h e  ap p aren t d e n s ity  o f  B S T  p o w d e r , b e n z o x z in e  
m o n o m e r  an d  p o ly b e n z o x a z in e  w e r e  m e a su r e d  b y  p y c n o m e te r  (Q u a n ta c h r o m e , 
U ltr a p y c n o m e te r  1 0 0 0 )  u n d er  h e liu m  p u rge  at p ressu re  o f  2 0  p si.

T h erm al s ta b ility  an d  d e g r a d a tio n  tem p era tu re  o f  p o ly b e n z o x a z in e -  
B S T  c o m p o s ite s  w e r e  d e te r m in e d  b y  a h ig h  r e so lu tio n  T G -D T A  P y r is  D ia m o n d  
(P erk in  E lm e r ). T h e  m a s s  c h a n g e  o f  s a m p le s  w a s  o p era ted  from  30°c to  800°c w ith  a 
h e a tin g  rate o f  10°c/min u n d er  N 2 a tm o sp h e r e . T h e  d is tr ib u tio n  o f  B S T  p o w d e r s  in  
c o m p o s ite s  w a s  o b se r v e d  b y  a s c a n n in g  e le c tr o n  m ic r o s c o p e  (S E M ; J S M -5 2 0 0 , J e o l)  
at v o lta g e  o f  15  k V .

D ie le c tr ic  m e a su r e m e n t o f  c o m p o s ite s  w a s  p re fo r m e d  w ith  H e w le tt -  
P ack ard  4 1 9 4 A  Im p e d a n c e /G a in -P h a se  A n a ly z e r  in p a ra lle l c a p a c ita n c e  (Cp) m o d e ,  
w ith  fr e q u e n c y  from  1 k H z  to  10 M H z  at r o o m  tem p era tu re . B e fo r e  m e a su r e m e n t, the  
c o m p o s ite  s p e c im e n s  w e r e  c o a te d  w ith  g o ld  sp u tter in g  as e le c tr o d e s . T h e d ie le c tr ic  
c o n sta n t (ร) o f  th e  c o m p o s ite s  w a s  c a lc u la te d  from  th e  m e a su r e d  th ic k n e ss  and  
c a p a c ita n c e  b y  u s in g  th e  f o l lo w in g  e q u a tio n :

s  =  7 j  ( 5 A )

w h e r e  c  is  th e  c a p a c ita n c e  (F ) , £0  is  th e  free  sp a c e  d ie le c tr ic  c o n s ta n t  v a lu e  (8 .8 5 x 1  O' 12 

F /m ), A  is  th e  c a p a c ito r  area  (m 2), an d  d  is  th e  th ic k n e ss  o f  s p e c im e n  (m ).
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5.4 Results and Discussion

5 .4 .1  B a r iu m  S tro n tiu m  T ita n a te  C h a ra c ter iza tio n
M o r p h o lo g y  (p a r tic le  s iz e ,  sh a p e  and  a g g lo m e r a t io n )  o f  th e  B S T  

n a n o p o w d e r s  p rep ared  b y  s o l - g e l  p r o c e ss  w a s  o b se r v e d  b y  T E M  p h o to g ra p h  a s s h o w n  
in  F ig u re  5 .2 . T h e  n a n o p o w d e r s  w e r e  sp h e r ic a l sh a p e  w ith  a v e r a g e  s iz e  arou n d  4 0 -6 0  
n m  in  d ia m eter . It ca n  a ls o  b e  o b se r v e d  th at th e  p a rtic le  s iz e  an d  sh ap e d istr ib u tio n  
w e r e  n ea r ly  u n ifo r m  an d  m o s t ly  a g g lo m e r a te .

T o  c o n fir m  cry sta l stru ctu re o f  the s o l-g e l  B S T  p o w d e r , X -ra y  
d iffr a c tio n  ( X R D )  w a s  in v e s t ig a te d . F rom  th e  X R D  p attern s sh o w n  in  F ig u re  5 .3 ,  
th ere  are r e f le c t io n  p e a k s  at 2 0  v a lu e s  o f  2 2 .6 ° ,  3 2 .1 ° ,  3 9 .6 ° ,  4 6 .1 ° ,  5 1 .9 6 ° ,  5 7 .3 8 °  and  
6 7 .3 5 °  c o r r e sp o n d in g  to  ( 1 0 0 ) ,  ( 1 1 0 ) ,  ( 1 1 1 ) ,  ( 2 0 0 ) ,  ( 2 1 0 ) ,  ( 2 1 1 )  and ( 2 2 0 )  se t o f  
d iffr a c tio n  p la n e s , r e s p e c t iv e ly . T h e se  resu lts  in d ic a te  that th e  B S T  g e l tra n sfo rm ed  
in to  th e  p e r o v sk ite  stru ctu re a fte r  c a lc in a t io n  p r o c e ss . A s  o b se r v e d  fro m  th e  X R D  
p attern s that n o  p e a k  sp lit t in g  o f  ( 2 0 0 ) /  ( 0 0 2 )  at 2 0  =  4 6 .1 °  referr in g  th at th e  cry sta l 
stru ctu re o f  th e  B S T  p a r tic le  is  c u b ic  stru ctu re [1 0 ] . H o w e v e r  th ere  w e r e  r e f le c t io n  
p e a k s  o f B a ( S r ) C 0 3 an d  (B a ,S r ) 2 T i2 0 5 CC>3 (rep r e se n te d  b y  * )  at 2 0  =  2 4 .6 °  and  2 8 .8 ° ,  
r e s p e c t iv e ly , w h ic h  are u n d e s ir a b le  p h a se  in  th is  s o l -g e l  B S T  p o w d e r  [1 1 ] .

F T IR  w a s  in v e s t ig a te d  in  ord er  to  c o n fir m  fu n c t io n a l g ro u p s  o f  th e  
B S T  p o w d e r . A s  s h o w n  in  F ig u re  5 .4 , th ere  are th ree  a b so rp tio n  p e a k s , th e  first o n e  at 
5 6 0  c m ' 1 d u e  to  th e  T i - 0  s tr e tc h in g  v ib r a tio n  o f  a TiC>6 o c ta h e d r o n , th e  s e c o n d  o n e  at 
1 4 3 0  c m "1 w h ic h  c a n  b e a ttr ib u ted  to c=0 stre tc h in g  o f  ca rb o n a te  io n  im p u r it ie s  
(C O 32') in  th e  B S T  p o w d e r  an d  th e  o th er  at 3 4 2 2  c m ' 1 w h ic h  c o r r e sp o n d s  to  th e  
a n tisy m e tr ic  an d  sy m m e tr ic  O H  stre tc h in g  v ib r a tio n  in d ic a tin g  that h y d r o x y l gro u p s  
(B a -O H , S r -O H ) are d e te c te d  o n  th e  su r fa ce  o f  B S T  p a r tic le s  [1 2 ] .
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Figure 5.2 T E M  m ic r o g r a p h s  o f  s o l -g e l  B S T  p o w d e r .

Figure 5 .3  X -ra y  d if fr a c tio n  p attern  o f  s o l -g e l  B S T  p o w d e r .
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Figure 5 .4  F T IR  sp ec tra  o f  th e  B S T  p o w d er .

5 .4 .2  S u r fa ce  M o d if ic a t io n  o f  B S T  P o w d e r
5 .4 .2 .1  B S T  P o w d e r  T rea ted  w ith  S ilan e C o u p lin g  A g en t

In ord er  to  im p r o v e  th e d isp e r s io n  o f  B S T  c era m ic  in  
p o ly b e n z o x a z in e  m a tr ix  to  e n h a n c e  th e d ie le c tr ic  p ro p er tie s  o f  th e  c o m p o s ite , the  
su r fa c e  o f  B S T  p a r tic le s  w a s  c h e m ic a lly  m o d if ie d  w ith  3 -a m in o p r o p y l tr im e th o x y  
s ila n e  b y  ta k in g  a d v a n ta g e  o f  h y d r o x y l g r o u p s  that d e te c te d  o n  th e  su r fa c e  o f  B S T  
p o w d e r s . F ig u r e  5 .5  s h o w s  th e  F T IR  sp ec tra  o f  3 -a m in o p r o p y l tr im e th o x y  s ila n e  
trea ted  B S T  p o w d e r  an d  u n trea ted  B S T  p o w d e r . In c o m p a r iso n  w ith  th e  sp ectra  o f  
u n trea ted  B S T  p o w d e r , th e  sp ec tra  o f  3 -a m in o p r o p y l tr im e th o x y  s ila n e  treated  B S T  
p o w d e r  d isp la y e d  n e w  a b so r p tio n  b an d  at 1 1 1 0  c m ' 1 w h ic h  is  a s so c ia te d  w ith  the  
ch a ra c te r is tic  o f  S i-O -S i u n it  fro m  th e h y d r o ly s is  o f  s ila n e . T h is  re su lt  c o n fir m s  that 
th e  s ila n e  c o u p lin g  a g e n t w a s  h y d r o ly z e d  an d  rea c ted  e f f e c t iv e ly  o n to  th e  su rfa ce  o f  
B S T  p a r tic le s  [1 3 ] .
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Figure 5 .5  F T IR  sp ectra : (a )  B S T  p o w d e r  and (b )  3 -a m in o p r o p y l tr im e th o x y  s ila n e  
treated  B S T  p o w d e r .

5 .4 .2 .2  B S T  P o w d e r  C o a te d  w ith  B en zoxazin e M o n o m er
T o  p rev en t th e  a g g lo m e r a tio n  o f  B S T  p o w d e r s  in  

p o ly b e n z o x a z in e  m a tr ix , su r fa c e  c o a t in g  o f  th e  c e r a m ic  p o w d e r s  b y  b e n z o x a z in e  
m o n o m e r  is  a lso  in v e s t ig a te d . F rom  F ig u r e  5 .6 , it can  b e  o b se r v e d  that th e  sp ectru m  
o f  B S T  p o w d e r  c o a te d  5 w t%  B A -a  m o n o m e r  s h o w e d  th e  a b so r p tio n  at w a v e  n u m b er  
o f  1 2 3 0  c m ' 1 c o r r e sp o n d in g  to  a sy m m e tr ic  C -O -C  s tre tch in g  m o d e , th e  p e a k s  at 1 1 5 7  
c m ' 1 an d  1 1 1 2  c m ' 1 w h ic h  b e lo n g  to  C -N -C  a n tisy m m e tr ic  s tr e tc h in g  m o d e  o f  th e  B A -  
a m o n o m e r  [1 4 ] . T h e s e  resu lts  in d ic a te  that th e  m o n o m e r  w a s  a lrea d y  c o a ted  o n  th e  
B S T  su r fa c e .
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Figure 5.6 F T IR  sp e c tr a  o f  (a )  B S T  p o w d e r  (b )  B S T  p o w d e r  c o a te d  5 w t%  B A -a  
m o n o m e r .

5 .4 .2 .3  B S T  P o w d e r  C o a te d  w ith  P h ta lo cya m n e
F ig u re  5 .7  s h o w s  th e  F T IR  sp ectra  c o m p a r in g  b e tw e e n  the  

p h th a lo c y a n in e  treated  B S T  and  u n trea ted  B S T . T h e r e  àre th e  b a n d s at th e  r e g io n  o f  
1 5 9 3  c m ' 1 and  1 5 6 4  c m ' 1 w h ic h  are th e  c h a ra c ter is tic  band o f  aro m a tic  r in g s  in  the  
p h th a lo c y a n in e  stru ctu re [1 9 ] . H o w e v e r , th ere  are n o  p ea k s  th at c o r r e sp o n d in g  to  th e  
b o n d  fo rm a tio n  o f  C -S r  or  C -B a , im p ly  that p h th a lo c y a n in e  d id  n o t form  th e  b o n d  on  
th e  su r fa c e  o f  B S T  a s  e x p e c te d  b u t it j u s t  c o a te d  aro u n d  the p a r tic le s .
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Figure 5 .7  F T IR  sp ectra  o f  (a ) B S T  p o w d e r  (b )  B S T  c o a te d  w ith  p h th a lo c y a n in e .

5 .4 .3  P o ly b e n z o x a z in e -  u n trea ted  B S T  C o m p o s ite  C h a ra cter iza tio n  
- 5 .4 .3 .1  T h erm al S ta b ility  M easu rem en t

T G A  therm ogram , and th erm a l p ro p er tie s  o f  th e  c o m p o s ite s  are 
sh o w n  in  F ig u re  5 .8  and T a b le  5 .2 . T h e  d e g ra d a tio n  tem p era tu re  and  r es id u a l w e ig h t  
o f  c o m p o s ite s  w e r e  h ig h e r  th an  pure p o ly b e n z o x a z in e  and  in c r e a se d  w ith  th e  am o u n t  
o f  B S T  c o n te n ts . T h is  is  b e c a u se  th e  B S T  c era m ic  h a s  h ig h  d e c o m p o s it io n  
tem p era tu re  c o m p a r e d  w ith  p u re p o ly b e n z o x a z in e . T h u s it ca n  b e  c o n c lu d e d  that the  
e x is te n c e  o f  B S T  p o w d e r  c a n  im p r o v e  th e th erm a l s ta b ility  o f  th e  c o m p o s ite s .
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- Figure 5.8 T h erm o  g ra v im e tr ic  a n a ly s is  th erm o g ra m  o f  p o ly b e n z o x a z in e -B S T  
c o m p o s ite s  in  n itr o g e n  a tm o sp h ere .

Table 5.2 T h erm al p ro p er tie s  o f  p o ly b e n z o x a z in e -B S T  c o m p o s ite s

Materials Td5(°C) H Q. o
© ท Residual weight (%) at 800°c

P o ly b e n z o x a z in e 3 2 5 3 4 4 3 0
C o m p o s ite  (B S T  3 0 w t% ) 3 4 5 3 6 4 51
C o m p o s ite  (B S T  5 0 w t% ) 3 8 2 4 0 8 6 3
C o m p o s ite  (B S T  8 0 w t% ) 4 2 4 4 7 0 8 2
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5 .4 3 .2  D e n s ity  M ea su rem en t
T h e  d e n s ity  o f  p o ly b e n z o x a z in e , c a lc in e d  B S T  p o w d e r  and  the  

c o m p o s ite s  at v a r io u s  B S T  p o w d e r  lo a d in g  w a s  m e a su r e d  b y  p y c o n o m e te r . T h e  
th e o r e tic a l d e n s ity  o f  m a ter ia l w a s  c a lc u la te d  b y  u s in g  e q u a tio n  (5 .2 ):

Pt =  0  -  < h p p +  vPc (5 -2 )

w h e r e  Pc is  th e  f ille r  d e n s ity , Pp is  th e  p o ly m e r  m atr ix  d e n s ity  a n d  (f) is  th e  v o lu m e  
fra c tio n  o f  f ille r . D e n s ity  o f  p o ly b e n z o x a z in e  an d  c a lc in e d  B S T  p o w d e r  is  1 .23  and
5 .1 7  g /c m 3, r e s p e c t iv e ly . T h e  m e a su r e d  d e n s it ie s  o f  th e  c o m p o s ite s  w ith  in c r e a s in g  
c e r a m ic  v o lu m e  fra ctio n  are su m m a r iz e d  in  T a b le  5 .3 . A n d  F ig u r e  5 .9  s h o w s  the  
v a r ia tio n  o f  th e  th e o r e tic a l d e n s ity  an d  m ea su r e d  d e n s ity  o f  th e  c o m p o s ite s . It w a s  
fo u n d  that th e  m ea su red  d e n s ity  o f  3 0  w t%  B S T  c o m p o s ite  c a n  fit  w e l l  w ith  the  
th e o r e tic a l d e n s ity  w h ile  th e  d e n s ity  o f  c o m p o s ite  w ith  5 0  w t%  an d  8 0  w t%  B S T  are 
lo w e r  th an  th e  c a lc u la te d . T h is  d if fe r e n c e  b e tw e e n  th e c a lc u la te d  or  th e o r e tic a l v a lu e s  
and  th e  m ea su red  v a lu e s  is  p r e su m a b ly  d u e  to  d e fe c ts  or v o id s  o ccu rr in g  d u rin g  
fa b r ica tio n  p r o c e ss .

Table 5 .3  D e n s it ie s  o f  th e  c o m p o s ite s  at v a r io u s  B S T  c o n te n ts

C o m p o s ite s V o lu m e  fra c tio n D e n s ity  (g /c m 3)

3 0  w t%  B S T 0 .0 9 3 1 .5 9 7
5 0  w t%  B S T 0 .1 9 2 1 .9 3 3
8 0  w t%  B S T 0 .4 8 8 2 .8 6 7
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BST volume fraction
Figure 5.9 C o m p a r iso n  b e tw e e n  m e a su r e d  d e n s ity  ( • )  an d  th e o r e tic a l d e n s ity  (— ) as  
a fu n c t io n  o f  B S T  v o lu m e  fra c tio n .

5 .4 .3 .3  B ariu m  S tron tiu m  T itan a te  D is tr ib u tio n
T h e  d is tr ib u tio n  o f  B S T  p o w d e r s  in  th e  p o ly b e n z o x a z in e  

m a tr ix  w a s  in v e s t ig a te d  b y  S E M  m ic r o g r a p h s . F ig u re  5 .1 0  ( a ) - ( c )  s h o w s  th e  c r o s s -  
s e c t io n  o f  th e  c o m p o s ite s  w ith  d if fe r e n t  B S T  lo a d in g s . T h e  w h ite  and g ra y  c o lo r s  
rep resen t th e  f il le r  an d  th e  p o ly b e n z o x a z in e  m a tr ix , r e s p e c t iv e ly . F rom  th e  
m ic r o g r a p h s , it r e v e a ls  that th e  B S T  p o w d e r  d istr ib u tio n  w a s  n o t u n ifo r m  e v e n  in  th e  
lo w e s t  c o n te n t  o f  B S T  f il le r s  (3 0  w t  % ) an d  th e  a g g lo m e r a tio n  an d  p o r e s  (rep resen t b y  
b la ck  c o lo r )  te n d e d  to  fo rm  w h e n  th e  f i l le r  lo a d in g  v o lu m e  in c r e a se d . T h e  
a g g lo m e r a t io n  o f  B S T  is  fo rm ed  b y  th e  h ig h  su r fa ce  e n e r g y  o f  th e  s o l -g e l  B S T  
n a n o p a rtic le s .
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Figure 5.10 S E M  m ic r o g r a p h s  o f  the c o m p o s ite s  w ith  (a ) 3 0  w t% , (b )  5 0  w t% , and  
( c )  8 0  w t% .

5 .4 .3 .4  D ie le c tr ic  P ro p e r tie s  o f  C o m p o site s
T h e d ie le c tr ic  c o n sta n t an d  d ie le c tr ic  lo s s  o f  th e  c o m p o s ite s  

w ith  3 0  w t% , 5 0  w t% , and 8 0  w t%  o f  B S T  as a fu n c t io n  o f  fre q u e n c y , fr o m  1 k H z - 10  
M H z  a r e .s h o w n  in  F ig u re  5 .1 1  and 5 .1 2 , r e s p e c t iv e ly . F rom  F ig u re  5 .1 1 ,  it c a n  b e  
s e e n  that at th e  sa m e  fr e q u e n c y , th e  c o m p o s ite  d ie le c tr ic  c o n sta n ts  in c r e a se d  w ith  th e  
v o lu m e  fra c tio n  o f  th e  B S T  cera m ic  p o w d e r s . A t  h ig h e r  cera m ic  f ille r  lo a d in g  
v o lu m e , th e  c e r a m ic s  c o m e  c lo s e r  th en  th e  d ip o le -d ip o le  in tera c tio n  in c r e a se  and  
co n tr ib u te  to  h ig h e r  d ie le c tr ic  c o n sta n t [1 5 ] . In th is  w o r k  th e  c o m p o s ite  w ith  8 0  w t%  
o f  B S T  s h o w e d  th e  d ie le c tr ic  co n sta n t a s  h ig h  as 3 9  at 1 k H z , ab ou t e ig h t  t im e s  o f  4 .9  
fo r  p o ly b e n z o x z a z in e . H o w e v e r , it w a s  fo u n d  that th e  lo s s  ta n g en ts  o f  a ll c o m p o s ite s  
are g r e a te r  th an  p u re  p o ly b e n z o x a z in e  an d  ten d  to  in c r e a se  at h ig h er  c e r a m ic  c o n ten t. 
T h e  in c r e a s in g  o f  th e  lo s s  ta n g e n t  v a lu e  w a s  attr ib u ted  to  th e  fo rm a tio n  o f  p o r o s ity  in  
th e  sp e c im e n s .

F or th e  tem p era tu re  d e p e n d e n c e  as s h o w n  in  F ig u r e  5 .1 3  and  
5 .1 4 ,  d ie le c tr ic  c o n sta n t and  lo s s  ta n gen t o f  th e  c o m p o s ite s  sh o w e d  th e  tem p era tu re  
in d e p e n d e n c e  u p  to  th e  g la s s  tr a n sitio n  tem p era tu re  o f  th e  p o ly m e r . A t  th e  
th em p era tu re  a b o v e  Tg o f  p o ly b e n z o x z in e , th e  d ie le c tr ic  c o n sta n t a n d  lo s s  ta n g e n t  
s l ig h t ly  in c r e a se d . T h e  in c r e a se  o f  d ie le c tr ic  c o n sta n t an d  d ie le c tr ic  lo s s  w a s  attr ib u ted  
to  th e  im p r o v e m e n t o f  th e  d ip o le  o r ie n ta tio n  p o la r iz a tio n  o f  th e  p o ly m e r  c h a in s  at 
tem p era tu re  a b o v e  Tg. In a d d it io n , th e  se g m e n ta l m o b ility  o f  th e  p o ly m e r  a ls o  
fa c il ita te d  p o la r iz a tio n  o f  c e r a m ic  f i l le r  r e su lt in g  in  th e  d ie le c tr ic  co n sta n t  
e n h a n c e m e n t o f  th e  c o m p o s ite s  [1 6 ] .
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Figure 5.13 T em p era tu re  d e p e n d e n c e  o f  d ie le c tr ic  c o n s ta n t  fo r  th e  c o m p o s ite s  at 
v a r io u s  B S T  c o n te n ts .

Figure 5.14 T em p era tu re  d e p e n d e n c e  o f  d ie le c tr ic  lo s s  fo r  th e  c o m p o s ite s  at v a r io u s  
B S T  c o n te n ts .
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5 .4 .4  E xperim ecm ta l D a ta  F ittin g
T h ere  are m a n y  th e o r e tic a l m o d e ls  h a v e  b e e n  p r o p o se d  an d  u sed  for  

p r e d ic t in g  th e  d ie le c tr ic  c o n sta n t o f  0 -3  c o n n e c t iv ity  c o m p o s ite  c o m p a r in g  w ith  
e x p e r im e n ta l r e su lts . T h e  m o d e ls  that w id e ly  u se d  su ch  as Y a m a d a  m o d e l,  
L ic h te n e c k e r  m o d e l , B r u g g e m a n  m o d e l and K e m e r  e x p r e s s io n  m o d if ie d  b y  
J a y a su n d e r e -S m ith  (J -S  p r e d ic t io n ) , as s h o w n  in  F ig u re  5 .1 5 . T h e  e q u a tio n s  o f  th e se  
m o d e ls  are d e sc r ib e d  as fo llo w :

Y a m a d a  m o d e l

L ic h te n e c k e r  m o d e l

ร  =  ร , ๆ(เ)( ร , -  £  )
ๆ£p + (e 1. -  £p)(\ + </>)

'
lo g  ร =  lo g  ร p +  <f) lo g

\ e P J

(5 .3 )

(5 .4 )

B r u g g e m a n  fo r m u la e ร , - ร M (5 .5 )

K e m e r  e x p r e s s io n s  = £ pK  +  g ç ^ ç [3 g p / ( g c +  2 s p ) ] [ l  +  3 ^ , ( ร ,  -  £ p ) / ( £ c +  2 g p )] 
^ + ^ ( 3 ร ,) /(ร p + 2 รc)[l + 3^c(รc - £ 1,)/(£c +2£p)) ( ;

w h e r e  £ is  th e  d ie le c tr ic  co n sta n t o f  th e  c o m p o s ite s ,  £ p and  £ c refer  to  th e  d ie le c tr ic  
c o n sta n ts  o f  th e  p o ly m e r  m a tr ix  an d  th e B S T  c e r a m ic , r e s p e c t iv e ly , ^ i s  th e  v o lu m e  
fra c tio n  o f  c e r a m ic  an d  ฦ is  a sh a p e  p a ra m eter  [7 ] , [ 8 ] , [9 ]. F o r  th e  c a lc u la t io n , th e  
d ie le c tr ic  c o n sta n t o f  B ao 3 Sro.7 TiC>3 (£0 =  3 0 8 )  [1 7 ]  and  th e  p u re p o ly b e n z o x a z in e  (£p =  
4 .9 4 )  w e r e  u se d . T h e  d ie le c tr ic  c o n s ta n ts  w e r e  m ea su red  at r o o m  tem p era tu re  (~ 2 5 °C )  
and  1 k H z .
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BST volume fraction
Figure 5.15 P lo t  o f  th e o r e tic a l m o d e ls  and th e  m ea su red  d ie le c tr ic  c o n sta n t fo r  
d iffe r e n t B S T  v o lu m e  fr a c t io n s  at ro o m  tem p era tu re  an d  1 k H z .

F rom  th e  c o m p a r iso n  b e tw e e n  th e  e x p e r im e n ta l d ata  and  fo u r  
th e o r e tic a l m o d e ls , a s  sh o w n  in  F ig u re  5 .1 5 ,  it w a s  fo u n d  that th e  m e a su r e d  d ie le c tr ic  
c o n s ta n ts  o f  th e  P B A -a - B S T  c o m p o s ite s  are h ig h e r  than th o se  c a lc u la te d  fro m  
Y a m a d a , B r u g g e m a n  an d  J -S  p re d ic t io n . It is , h o w e v e r , n o te d  that th e  m e a su r e d  
d ie le c tr ic  c o n s ta n ts  s h o w  a te n d e n c y  to  f it  w e l l  w ith  th e  L ic h te n e c k e r  m o d e l . 
L ic h tn e c k e r  m o d e l is  m o r e  c o m m o n ly  k n o w n  a s th e  L o g  L a w , it c o n s id e r s  th e  
c o m p o s ite  a s  a ra n d o m  m ix tu re  o f  n e a r ly  sp h e r ic a l in c lu s io n s . H o w e v e r  th e  
L ic h te n e c k e r ’ร e q u a tio n  d o e s  n o t c o n s id e r  the f it t in g  fac to r  w h ic h  d e p e n d s  o n  th e  
m a ter ia l u s e d  in  th e  s y s te m  [1 8 ] .
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5 .4 .5  P o ly b e n z o x a z in e -m o d if ie d  B S T  C o m p o s ite  C h a ra cter iza tio n
5 .4.5 .1  E ffect o f  S u rface  M o d ifica tio n  on B S T  p o w d e r  D is tr ib u tio n

S E M  m ic r o g r a p h s  w er e  in v e s t ig a te d  to  s tu d y  th e e f fe c t  o f  B S T  
su r fa c e  m o d if ic a t io n  o n  th e  c e r a m ic  d isp e r s io n  in  p o ly b e n z o x a z in e  m a tr ix  w ith  
v a r io u s  B S T  v o lu m e  fr a c tio n s . F ig u r e  5 .1 7 - 5 .1 9  (a )- (d )  s h o w  m icro stru c tu re  o f  the  
c o m p o s ite s  c o n ta in in g  3 0 w t% , 5 0  w t%  and 8 0  w t%  o f  B S T  f ille r s  that w e r e  u n trea ted , 
treated  w ith  s ila n e  c o u p lin g  a g e n t, treated  w ith  B A -a  m o n o m e r  and trea ted  w ith  
p h th a lo c y a n in e , r e s p e c t iv e ly . T h e  S E M  m icro g ra p h s  r e v e a l th at th e  d isp e r s io n  o f  the  
m o d if ie d  B S T  p o w d e r s  w a s  im p r o v e d  in  e v e r y  fr a c tio n  o f  B S T  p o w d e r s , e s p e c ia l ly  at 
3 0  w t%  B S T  c o m p o s ite .

In c o m p a r iso n  b e tw e e n  s ila n e  c o u p lin g  a g en t, B A -a  m o n o m e r  
and  p h th a lo c y a n in e  m o d if ic a t io n  o f  B S T , it w a s  o b se r v e d  th at th e  c o m p o s ite s  w ith  
p h th a lo c y a n in e  and  b e n z o x a z in e  m o n o m e r  m o d if ic a t io n  s h o w e d  th e b e s t  in  the  
c e r a m ic  d isp e r s io n  im p r o v e m e n t c o m p a r e d  w ith  th e  s ila n e  c o u p lin g  m e th o d . B e c a u se  
th e  m o le c u le s  o f  p h th a lo c y a n in e  an d  b e n z o x a z in e  m o n o m e r  are c o m p o s e d  o f  the  
a ro m a tic  r in g s w h ic h  are b u lk y  g r o u p , as sh o w n  in  F ig u re  5 .1 6 ,  d u e  to  th is  w a y  th ey  
c o u ld  p rev en t th e  B S T  p a r t ic le s  to  c o m e  c lo se r . T h e  s ila n e  c o u p lin g  a g e n t .c o u ld  n ot 
w o rk  e f f e c t iv e ly  a s  e x p e c te d  b e c a u s e  it m ig h t rea c t w ith  e a c h  o th er  in s te a d  o f  B S T  
su r fa c e  in  m o d if ic a t io n  s tep .

P h th a lo c y a n in e  B e n z o x a z in e  m o n o m e r

F ig u r e  5 .1 6  S tru ctu re o f  m e ta l- fr e e  p h th a lo c y a n in e  and b e n z o x a z in e  m o n o m e r .
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Figure 5.17 SEM micrographs of polybenzoxazine-BST composites at 30%wt of 
BST with (a) untreated BST powders, (๖.) silane treated BST powders, (c) BA-a 
monomer treated BST powders and (d) phthalocyanine treated BST powders .

Figure 5.18 SEM micrographs of polybenzoxazine-BST composites at 50%wt of
BST with (a) untreated BST powders, (b) silane treated BST powders, (c) BA-a
monomer treated BST powders and (d) phthalocyanine treated BST powders .
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Figure 5.19 SEM micrographs of polybenzoxazine-BST composites at 80%wt of 
BST with (a) untreated BST powders, (b) silane treated BST powders, (c) BA-a 

. monomer treated BST powders and (d) phthalocyanine treated BST powders .



5.4.5.2 Effect o f Surface Modification on Dielectric Properties o f
Composites

Figure 5.20 to 5.25 illustrate the comparisons of dielectric 
constant and dielectric loss of the composites with different BST surface modification 
method at various BST contents. Considering the dielectric constants of the 
composites at 30wt%, 50wt% and 80 wt% in Figure 5.20, 5.20 and 5.22, respectively, 
it was found that the silane coupling modification can improve in the dielectric 
constant of composites. While the phthalocyanine and the benzoxazine monomer 
modification did not show significant in dielectric constant improvement. Because 
silane coupling agent can form chemical bonds on the surface of BST powders due 
to this way the polarizability in the system could be enhanced, resulting in the 
increasing of the dielectric constant. In the case of dielectric losses of the composites 
at 30wt%, 50wt% and 80 wt%, shown in Figure 5.23, 5.23 and 5.25, respectively, it 
can be seen that all three methods of surface modification could obviously lower the 
dielectric loss of the composites compared with the untreated BST composites. In 
comparison among the three surface modification methods, it was found that the 
phthalocyanine and benzoxazine monomer could lower the loss tangent of the 
composites than the silane coupling method, especially at 30 wt% of BST. The lower 
in dielectric loss was due to the BST dispersion enhancement of the phthalocyanine 
and benzoxazine monomer, consequent in the lower of porosity in the composites. 
Because it was reported that porosity is the important factor that mainly increases the 
loss in the composite system. The porosity could be generated from the segregation of 
different surfaces between polymer matrix and ceramic particles and will be large 
when composite was pressed by mechanical loading.
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Figure 5.20 Frequency dependence of dielectric constant for the 30%wt BST 
composites with different BST surface modification methods.

Figure 5.21 Frequency dependence of dielectric loss for the 30%wt BST composites
with different BST surface modification methods .
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Figure 5.22 Frequency dependence of dielectric constant for the 50%wt BST 
composites with different BST surface modification methods .

Figure 5.23 Frequency dependence of dielectric loss for the 50%wt BST composites
with different BST surface modification methods .
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Figure 5.24 Frequency dependence of dielectric constant for the $0%wt BST 
composites with different BST surface modification methods .

Figure 5.25 Frequency dependence of dielectric loss for the 80%wt BST composites
with different BST surface modification methods .
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5.5 Conclusions

The dielectric properties of the composites were influenced by many factors 
such as ceramic volume fraction and the distribution of ceramic powders. In this 
work, the composite with 80 wt% or 48 vol% of BST showed the dielectric constant 
as high as 39 which about eight times of 4.9 for pure polybenzoxazine at 1kHz. The 
dielectric constants of the composites were nearly stable with frequency range of 1 
kHz-10 MHz. The positive temperature coefficient (PTC) of dielectric constant was 
nearly zero in the temperature range of 25-160°c, which indicated the low relaxation 
behavior. It was found that the composites in this work could fit well with the 
Lichtnecker model which considers the composite as a random mixture of nearly 
spherical inclusions. For the effects of surface modification on BST powders, it was 
observed that the modified BST surface could disperse well in polybenzoxazine 
matrix compared with the unmodified BST powders. And considering in dielectric 
properties, it was found that silane modification could improve dielectric constant of 
the composites compared with others. However, the composites with benzoxazine 
monomer and phthalocyanine trçated BST powders showed the lower in dielectric 
loss because it could prevent the BST agglomeration in the polymer matrix more 
effectively than the silane coupling modification.
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